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Mechanical propertiesChitosan–silica porous hybrids were prepared by a novel strategy in order to improve themechanical properties
of chitosan (CHT) in the hydrogel state. The inorganic silica phase was introduced by sol–gel reactions in acidic
medium inside the pores of already prepared porous scaffolds. In order to make the scaffolds insoluble in acidic
media chitosan was cross-linked by genipin (GEN) with an optimum GEN concentration of 3.2 wt.%. Sol–gel re-
actions took place with Tetraethylorthosilicate (TEOS) and 3-glycidoxypropyltrimethoxysilane (GPTMS) acting
as silica precursors. GPTMS served also as a coupling agent between the free amino groups of chitosan and the
silica network. The morphology study of the composite revealed that the silica phase appears as a layer covering
the chitosan membrane pore walls. The mechanical properties of the hybrids were characterized by means
of compressive stress–strain measurements. By immersion in water the hybrids exhibit an increase in elastic
modulus up to two orders of magnitude.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Chitosan (CHT) is a linear polysaccharide derived from chitin, a
naturally abundant organic material obtained mainly from the exo-
skeleton of the crustacean, for example lobsters, shrimps and insects
as well as from the cell walls of some bacteria and fungi [1,2]. The
deacetylation of chitin yields a copolymer composed of glucosamine
and N-acetylglucosamine units linked by (1–4) glycosidic bonds. The
degree of deacetylation (DD), deﬁned as the ratio of glucosamine to
the sum of glucosamine and N-acetylglucosamine, has inﬂuence
in molecular weight, crystallinity, solubility, mechanical strength
and biological properties of CHT and CHT-based biomaterials [3].
CHT does not dissolve in either organic solvents or in water at neu-
tral or basic conditions but dissolves in acidic medium (pH b 6), for
example in acetic and formic acids, due to protonation of free amino
groups.
The biocompatibility, biodegrability [4], anti-bacterial activity,
non-toxicity [4] and cellular compatibility of chitosan have boosttional Technical University ofthe scientiﬁc research interest in the latest two decades to explore
its use in biomedical applications [3]. Furthermore, its ability to be
shaped in various forms such as ﬁlms, microparticles [5], ﬁbers [6]
and porous scaffolds [7], its naturally hydrophilic character [8], the
pH-dependent cationic nature and its tendency to interact with an-
ionic glycosaminoglycans (GAGs), heparin, proteoglycans, and nu-
cleotides like DNA or siRNA make CHT particularly suitable as a
biomaterial for tissue repair and regeneration [9–11]. Due to its bio-
logical properties CHT is considered one of the most valuable poly-
mer for biomedical and pharmaceutical applications such as drug
delivery systems [5], surgical suture, dental implants, artiﬁcial skin,
rebuilding of bone and cartilage, corneal contact lenses and encapsu-
lating material, wound healing accelerator [12], weight loss effect,
blood cholesterol control, artiﬁcial blood vessels and gene therapy.
CHT has been shown to be osteoconductive in vitro and in vivo
[13]. However, the mechanical properties of CHT are not adequate
for bone regeneration because CHT has low Young's modulus espe-
cially in wet porous scaffolds.
The chemicalmodiﬁcation of CHT appears as a promisingmethod for
the preparation of new materials based on chitosan with advanced
physicochemical properties [14]. Furthermore, covalent and ionic
cross-linking of chitosan is a very efﬁcient approach to improve the
properties of chitosan gels [15]. Tripolyphosphate (TPP) [16] is widely
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linkers used are dialdehydes such as glyoxal and in particular glutaral-
dehyde (GTA) [15]. However, in the ﬁeld of biomedical technology
genipin (GEN) [17,18], a cross-linker of natural origin, is often favored
over GTA for chitosan cross-linking due to its advantages in terms of cy-
totoxicity [19].
Another very interesting approach for the preparation of newmate-
rials is the combination of chitosan with a second component to fabri-
cate polymer blends and composites. Polymers, like gelatin [20],
poly(vinyl alcohol) [21], poly(lactic acid) [22] and poly(ε-caprolactone)
[23,24], to name a few, have been utilized for preparing blends with
chitosan while inorganic materials, for example hydroxyapatite (HAp)
[25], layered silicates [26], carbon nanotubes (CNTs) [27] and glass/
ceramic particles [28–31], have been used to form chitosan composites.
Especially for applications that mechanical reinforcement is required
the incorporation of an inorganic phase into the chitosan matrix to
form hybrid materials appears as a very effective strategy. Chitosan/
silica hybrids have been prepared by mixing chitosan in the silane solu-
tion [32]. Reactions with 3-glycidoxypropyltrimethoxysilane (GPTMS)
can link polymer chains to silica network through covalent bonds
[33–35]. Furthermore, porous structures of chitosan/TEOS have been
fabricated as described in references [36,37].
In this work silica was added in a previously formed chitosan scaf-
fold in the form of a coating layer of the pore walls within the porous
structure. The initial highly porous scaffolds were prepared by the
freeze gelation technique [38]. CHT was cross-linked by GEN following
the optimal procedure combined with the optimal mixture composi-
tion. The hybrids were produced by the in-situ synthesis of the silica
inorganic part inside the pores of the scaffolds by sol–gel reactions [39]
in acidicmedium. Extending the successful procedure reported in previ-
ous publications of our group [40,41], in this work the coupling agent
GPTMS was used in order to facilitate the wetting of the pores and to
introduce chemical bonding between the organic and inorganic phases
of the hybrid. The inﬂuence of silica incorporation in morphology, ther-
mal and mechanical properties of chitosan scaffolds is assessed and
discussed.
2. Experimental
2.1. Materials
Chitosan (CHT) with low molecular weight and deacetylation de-
gree (DD) of 75–85%was purchased from Sigma–Aldrich. Acetic acid,
hydrochloric acid and sodium hydroxide (NaOH)were supplied from
Panreac. Genipin (GEN) was purchased from Wako Chemicals. 3-
glycidoxypropyltrimethoxysilane (GPTMS) and tetraethyl orthosilicate
(TEOS) were obtained from Sigma–Aldrich. Ultrapure (MilliQ) water
was used in all preparation procedures.
2.2. Preparation of hybrids
2.2.1. Preparation of cross-linked ﬁlms and scaffolds
A starting CHT solution obtained by dissolving 1.5 wt.% of CHT in 1%
wt acetic acid was used in all the procedures for preparing ﬁlms and
scaffolds. The solution was left stirring for 24 h and then ﬁltered using
a 70 μmmillipore membrane.
In order to study the effect of cross-linking and to decide on the op-
timal GEN concentration to be used later, chitosan ﬁlms with varying
cross-linking degree were prepared. To that end the appropriate
amount of GENwasmixed with 30mL of the above CHT solution to ob-
tain 0.66, 3.2, 6.2, 14.2 and 25 wt.% of GEN in the ﬁnal CHT ﬁlms. The
mixtures were placed into Petri dishes to react for 24 h at room temper-
ature and the ﬁlms were obtained by solvent casting. The ﬁlms were
washed repeatedly with distilled water in order to remove residues of
GEN and immersed in a 0.5 M solution of NaOH to neutralize them.
Finally, were dried at 40 ºC in vacuum for 24 h.Highly porous scaffolds were prepared using the freeze-gelation
method [38,42]. According to this method the chitosan solution being
transferred in Teﬂon crystallizers was frozen at−80 °C using liquid ni-
trogen. Then the frozen chitosan was fully immersed in the geliﬁcation
environment of NaOH 0.5 M in ethanol aqueous solution, precooled at
−20 °C. The frozen chitosan was left immersed for 72 h at−20 °C, a
temperature lower than its freezing point. In that way chitosan was
gelled and the acetic acid solution was removed leaving a porous struc-
ture. Finally, the obtained scaffolds were cut into disks of 8 mm diame-
ter and washed thoroughly with distilled water up to neutral pH.
The ﬁnal cross-linked CHT scaffolds were prepared by the two
methods, namely method I (metI) and method II (metII) presented
schematically in Fig. 1 and described as follows:
2.3. Method I
The CHT solution was mixed directly with GEN under vigorous stir-
ring for 1 h to make a mixture containing 3.2% of GEN referring to the
ﬁnal CHT cross-linked samples. The blend was placed into Teﬂon crys-
tallizer to react for 24 h at room temperature. Scaffolds were obtained
by the freeze-gelation method and ﬁnally lyophilized using a Telstar
Lyoquest apparatus in order to be left dried and with the pores fully
opened for the subsequent steps.
2.4. Method II
The already prepared scaffolds or ﬁlms of pure CHT were immersed
into aqueous GEN solution (0.0065%w/v) at room temperature for 48 h
and protected from light. To remove the excess of GEN the cross-linked
ﬁlms and scaffolds were washed with distilled water repeatedly. Then,
the scaffolds were freeze-dried at−80 ºC for 24 h and the ﬁlms were
dried under vacuum.
2.4.1. Introduction of silica by sol–gel
In a second step the silica precursors were introduced inside the
pores of the lyophilized scaffolds. For this purpose, the silica network
was synthesized in situ by the sol–gel method [39] using TEOS and
GPTMS as precursors. The molar ratio of TEOS with respect to
GPTMS in the sol–gel solution was either 1:0.1, 1:0.5 or 1:1 and the
molar ratios of the rest of the components (water, ethanol and chlo-
ride acid) of the starting solution were kept constant (1, 2 and
0.0185, respectively) with respect to TEOS. After 1 h of stirring, the
above solution was transferred to a glass tube fully covering the
CHT scaffolds. In order to assure that the pores of the polymer will
be ﬁlled by the precursor solution, a vacuum pump attached to the
reaction tube was pumping for 5 min prior to the introduction of
the solution. After being immersed for 15 min in the sol–gel solution
the samples were superﬁcially rinsed with water/ethanol. Then, the
scaffolds with silica layers on the pore walls, were left at room
temperature for 24 h and subsequently dried for 24 h. Finally, the
samples were washed with distilled water for 4 h and then dried
again at 50 °C in vacuum for 24 h. The weight content of the silica
phase (including organic side chains of GPTMS) was calculated by
the increase of weight of the membrane after sol–gel reaction
(Table 3) ranging between 74 and 89 wt.% of the obtained hybrid.
The content of SiO2 can be estimated from the residual weight after
pyrolysis which ranges between 26 and 43 wt.% (Table 3).
2.5. Material characterization
2.5.1. Morphology
Themorphology of the CHT, CHT–GEN and CHT–GEN/silica scaffolds
was studied by means of Scanning Electron Microscopy (SEM) using
a JSM-6300 (JEOL) microscope, with the samples previously sputter
coated with gold. Porosity was measured by a gravimetric method.
The samples were weighed dried and then immersed into octane in
Fig. 1.Methods used for the preparation of genipin cross-linked chitosan ﬁlms and scaffolds.
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tient of the volume of pores (Vpore) and the total volume of the scaffold
(Vsc)
p %ð Þ ¼ Vpore
Vsc
 100 ¼ Vpore
Vpolym þ Vpore
 100: ð1Þ
The volume occupied by the pores, Vpore, was deduced from the
weight difference between dry (mdry) and wet (mwet) sample,
Vpore ¼
mwet−mdry
ρoctane
ð2Þ
where the density of octane (ρoctane) is 0.79 g/cm3. The chitosan volume,
Vpolym was calculated by Vpolym = mCHT/ρCHT, where density of CHT
(ρCHT) was taken as 1.25 g/cm3.
Thewater absorption capacity of scaffolds and ﬁlmswas determined
by immersing them in phosphate buffered saline (PBS) solution (pH=
7.4) at room temperature for 1, 3 and 24 h. The amount of absorbed
water was calculated as
W %ð Þ ¼ mwet−mdry
mdry
 !
 100 ð3Þ
wherewdry is the mass of dry scaffold andmwet is the weight of scaffold
after being immersed in PBS.
2.5.2. Solubility in acidic medium-extent of cross-linking
To study the solubility of CHT in acidic medium, the samples were
immersed in a 1% acetic acid solution. The degree of cross-linking was
quantiﬁed by performing the ninhydrin assay [43]. This test was used
as the indicator of the free amino groups existing in both, the pure
and cross-linked chitosan samples. The blue reaction product of ninhy-
drin with free amino groups has a maximum absorbance at 567 nm in
isopropanol. The optical absorbance of the solution was recorded with
aUV–visible spectrophotometer (CECIL 9000) at 567nm. Glycine at var-
ious known concentrations was used as reference in order to construct
the standard curve.2.5.3. Hybrid composition–thermal properties
Pyrolysis residue was determined by heating the samples at 850 ºC
for at least 2 h in air atmosphere using an electrical tubular oven
(Gallur).
The thermal properties of sampleswere studied by thermogravimet-
ric analysis (TGA) using a SDT-Q600 (TA-Instruments) equipment in ni-
trogen atmospherewith a constant heating rate of 10 ºC/min from30 ºC
to 800 °C. Differential scanning calorimetry (DSC) measurements were
performed in a DSC 8000 (Perkin Elmer) from−80 ºC to 150 ºC with a
heating and cooling rate of 10 ºC/min using nitrogen as purge gas.
2.5.4. Mechanical property characterization
Dynamic mechanical analysis (DMA) measurements were carried
out on dried and wet CHT and CHT–GEN ﬁlms using a DMA 8000
(Perkin Elmer) apparatus. Thermo-mechanical analysis (TMA) mea-
surementswere carried out on CHT, CHT–GEN and CHT–GEN reinforced
with silica. The stress–strain curves were recorded upon compression
by means of a TMA/SS6000 (SII Seiko Instruments) on samples im-
mersed in water.
3. Results and discussion
3.1. Chitosan cross-linked by genipin
3.1.1. Solubility in acidic medium
The primary goal of the essay regarding cross-linking of chitosan
was to ﬁnd the lower genipin concentration that renders chitosan scaf-
folds insoluble in acidicmedium. To that aim cross-linked chitosanﬁlms
and scaffoldswith various GEN concentrationswith respect to ﬁnal CHT
samples were prepared by the two methods presented in Fig. 1. The
mixing time of CHT solution with genipin before casting to Teﬂon
molds was limited to 30 min. For mixing times longer than 60 min the
gels become very viscous and are not transferable from the mixing
vial. The above observation is conﬁrmed by dynamic oscillatory rheolo-
gy studies in genipin cross-linked biopolymers containing primary
amide groups [44]. It is well known that the short chains of genipin
act as cross-linking bridges between amino groups of chitosan [17]. By
increasing GEN concentration the resulting color of the ﬁlms varied
from light to dark blue-green as can be seen in Fig. 1. The characteristic
dark-blue coloration that appears in the genipin cross-linked hydrogels
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zation of genipin as well as its reaction with amino groups. It is worth
noting that for the method II a reaction time of 24 h was not enough
to complete the cross-linking and only after 48 h the ﬁlms had the char-
acteristic of bluish color indicating completion of cross-linking which
makes chitosan gels insoluble in acidic medium.
Solubility tests were performed by immersing the ﬁlms and scaf-
folds prepared by method I in 1% acetic acid solution. Pure chitosan
ﬁlms and scaffolds were dissolved after a few minutes, as expected,
and the same was observed for the samples with 0.66 wt.% of GEN.
The rest of the samples with higher concentration of GEN remained in-
soluble in the test solution even for weeks after the immersion. The
above result was the decisive fact for choosing the GEN concentration
to be 3.2 wt.% for preparing cross-linked ﬁlms and scaffolds. As already
stated chitosan is cross-linked by genipin through amino groups of
chitosan. For the purpose of obtaining a hybrid material with links be-
tween the organic and inorganic phase it was desirable that a great
amount of amino groups being left unreacted after cross-linking in
order to react with GPTMS in the subsequent step of the preparation
procedure.
The effect of CHT cross-linking with GEN was quantiﬁed by the
ninhydrin assay. Table 1 depicts the number of moles of amino
groups per mg of sample of pure CHT and CHT–GEN prepared by
the two methods. The above results clearly show the reduction of
the number of moles of free amino groups of CHT after cross-
linking. Furthermore, higher cross-linking degree is observed for
the samples prepared by method I. The direct mixing of genipin
with the chitosan solution allows a reaction of higher yield compared
to cross-linking of already formed chitosan ﬁlm by the immersion
into a genipin solution. Thus, the ﬁrst method appears favorable as
it is more straightforward and with higher yield. Furthermore, it is
simpler and less energy and time consuming as it comprises only
one step of lyophilization.3.1.2. Effect of genipin cross-linking
Fig. 2 shows representative micrographs obtained from the SEM
study. The pure uncross-linked chitosan depicted in Fig. 2 presents
the typical structure of chitosan scaffolds prepared by the freeze-
gelation technique [45]. It is well known that the ﬁnal structure is in-
ﬂuenced by the molecular weight of CHT [46], the concentration of
CHT [47] in the starting solution as well as by the freezing process
[42]. In our case the use of 1.5 wt% CHT in the starting solution and
the rapid cooling using liquid nitrogen leads to scaffolds with thin
walls, interconnected pores with length of tens of microns and po-
rosity of 95% as evaluated by gravimetric techniques and listed in
Table 3. The above topology characterized with high pore surface is
adequate for possible cell attachment and differentiation [48]. No
noticeable differences regarding porous morphology are observed
when comparing pure CHT scaffolds and CHT–GEN metI (Fig. 2) or
CHT–GEN metII (not shown here).
The inﬂuence of genipin concentration and consequently the degree
of cross-linking on the mechanical properties was studied on both, dry
and water swollen ﬁlms. The results obtained from stress–strain tests
under tensile loading are reported in Table 2 for samples with varying
genipin content. The elastic modulus of swollen pure CHT and CHT–Table 1
Number of free amino groups of CHT scaffolds cross-linked with GEN by
methods I and II.
Sample Number of moles NH2/mg
CHT pure 3.52E-06
CHT–GEN met I 1.75E-06
CHT–GEN met II 2.78E-06GEN with 0.66 wt.% GEN was too low, out of the measuring window of
the instrument. The increase of E′ value from 1950 MPa for neutralized
CHT sample to 2320, 3580 and 3750 MPa respectively for 0.66, 3.2 and
6.2 wt.% of GEN is a consequence of the material stiffening by cross-
linking. Furthermore, the hydrogel character of chitosan is evident as
well as the softening effect of water which upon immersion leads to a
decrease of the elasticmodulus bymore than three orders ofmagnitude.
Fig. 3a depicts the swelling behavior of the ﬁlms cross-linked with
method I after being immersed in water for 1 h, 3 h and 24 h. The swell-
ing degree of the pure CHT ﬁlm is calculated to be close to 400%. The
swelling ability decreases almost to the half for the GEN cross-linked
ﬁlms. By further increasing the amount of the cross-linker no signiﬁcant
changes are observed within the error of the measurement. Further-
more, it could be seen that the ﬁlms have reached the highest capacity
of water absorption already from the ﬁrst hour of immersion. Fig. 3b
presents water uptake of pure CHT and CHT–GEN porous scaffolds
cross-linked by both methods. In those swollen samples water is fully
ﬁlling the pores, thus water uptake depends mainly on porosity and
cross-linking plays a minor role in water sorption. The results shown
in Fig. 3 support the SEM observations and the porosity results in the
sense that microstructure of the scaffolds is not signiﬁcantly affected
by cross-linking.
From this point forward all the genipin cross-linked chitosan scaffolds
used for the incorporation of silica prepared by the two methods (meth-
od I or method II) are assigned as CHTgenI and CHTgenII respectively.3.2. Chitosan/Silica hybrids by sol–gel
3.2.1. Morphology
Thehigh porosity and the interconnectivity of the pores allow the ef-
ﬁcient introduction of the silica precursor solution inside the scaffolds.
The penetration of the solution in the interior of the scaffolds is further
facilitated by the use of a vacuum pump during the preparation proce-
dure. The concentration of the solution, thewater/TEOS ratio andmain-
ly the pH determines the ﬁnal morphology of the in situ produced silica.
It is well established that basic conditions lead to the production of silica
in the form of branched species and microparticles [39,41] while acidic
conditions result in a continuous silica phase. In thisworkwe have used
acidic conditions in order to promote the formation of a silica layer cov-
ering the CHT walls of the pores. Previous works have shown that the
ﬁnalmorphology of silica phase is affected by the properties of the poly-
mer matrix. In PCL porous membranes, which is a highly hydrophobic
polymer, we have seen that silica coating on pore walls is formed
when sol–gel is performed in acidic conditions [41,49]. On the contrary,
in the case of a microporous PHEA hydrogel the solution not only ﬁlls
the pores but it is absorbed by the pore walls as well [19]. The result
after sol–gel reaction is a non-porous composite with a silica phase
consisting in interconnected nano and micro-domains [19] because sil-
ica is formed into the nanopores of the hydrogel as well as in the
macropores of the membrane, and silica interconnectivity collapses
any remaining empty spaces. In the present case the starting solution
easily penetrates the porous structure but does not swell signiﬁcantly
the CHT scaffolds. Thus, after the completion of the sol–gel reactions a
porous hybrid scaffold is obtained. In Table 1 the coding of the hybrids
that will be followed throughout the paper is reported. The increase of
the residue weight, as evaluated by pyrolysis and TGA measurements
(Table 1, results that will be further discussed later) indicates the
presence of the silica phase. Furthermore, the results concerning the po-
rosity of the resulting hybrid scaffolds as determined by gravimetric
techniques are listed in the same table. The porosity decreases with re-
spect to the original membrane, as expected. Volume fraction of pores
depends on the amount of GPTMS used in the starting solution, a fact
permitting its modulation. Furthermore, GPTMS serving as a coupling
agent promotes the wetting of the CHT walls and hypothetically the
chemical bonding with them.
Fig. 2.Morphology of pure CHT (a,b) and CHT–GEN (c,d) scaffolds.
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solid state Nuclear Magnetic Resonance (NMR) techniques have con-
ﬁrmed that the epoxide group of GPTMS can react with the primary
amine of chitosan allowing covalent coupling of the polymer with the
silica network. Furthermore, they have shown that the acidic conditions
favor also the side reaction ofwaterwith the epoxide group of GPTMS to
form diol at a ratio of 80% irrespectively of pH. As both reactions are acid
catalyzed [51] the use of a very lowpH ~1 in the present study is expect-
ed to result in the covalent bonding of GPTMSwith chitosan aswell as in
the formation of diols from GPTMS.
SEM analysis allowed the assessment of the hybrid scaffold mor-
phology showing that the porous structure of the scaffolds is retained
as evidenced in Fig. 4a. A careful observation of the Fig. 4b reveals that
the added inorganic phase partially ﬁlls the pores and, thus, contributes
to the reduction of the porosity. Nevertheless, the resulting structure is
still a highly porousmaterial. The latter could be also proved by the SEM
micrographs obtained from the residues of the scaffolds that have been
pyrolized at 850 °C in air. At the latter conditions only the inert inorgan-
ic part of the hybrid remains intact providing a very convenient way to
study the morphology and the topology of the silica phase. Representa-
tive SEM micrographs are presented in Fig. 4c,d where a porous struc-
ture similar to that of the CHT can be observed.
It should be stressed that the potential use of the obtained porous
structures described in the present paper is not limited to scaffolds for
tissue engineering applications. The proposed strategy combined with
the great versatility of the sol–gel method through the adjustment ofTable 2
Elastic modulus E′ obtained from stress–strain tests under tensile loading for dried and
immersed in water samples.
Sample Dried Immersed
Ε′ (MPa) E′ (MPa)
CHT pure 1950 –
CHT–GEN (0.66 wt.%) 2320 –
CHT–GEN (3.2 wt.%) 3580 1.88
CHT–GEN (6.2 wt.%) 3750 2.12the reaction parameters and the precursor ratio could allow themodiﬁ-
cation of the ﬁnal porosity tomeet the speciﬁc needs of various applica-
tions such as ultraﬁltration, catalysis or pervaporation.Fig. 3. Swelling behavior of CHT ﬁlms cross-linked bymethod I with different GEN content
(a) and comparison of CHT scaffolds cross-linked by the two methods (b).
Fig. 4. SEM micrographs of CHTgenI + T/1G (a), CHTgenI + T/0.5G (b) the corresponding residue of the above materials after pyrolysis (c,d).
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Thermogravimetric analysis was performed under nitrogen atmo-
sphere from room temperature up to 800 °C. An initial weight loss at
around 100 °C was observed, associated with the evaporation of water
bound or trapped in the scaffolds. Chitosan exhibits a highly hydrophilic
behavior [52] due to the hydroxyl and amino groups and the complete
removal of water is difﬁcult [53]. Furthermore, silica produced by sol–
gel is also hydrophilic due to free silanol groups (Si–OH) that are always
present in its surface. Previous studies have shown that the binding sites
of silica prepared by sol–gel are already occupied by water molecules at
a relative humidity level of 20% [54]. Fig. 5 shows TGA thermograms
of CHTgenI, CHTgenI + T/0.5G and bulk TEOS/GPTMS 1:0.5 (coded as T/
0.5G) starting at 150 °C, excluding, thus, the initial water loss due to
evaporation, for the sake of comparison.
Pure chitosan and genipin cross-linked chitosan are characterized
by the same thermal degradation proﬁle (not shown here). The
mass loss with a derivative peak located at 280 °C is assigned to theFig. 5. TGA thermograms together with the corresponding derivative of CHTgenI, hybrid
CHTgenI + T/0.5G and bulk T/0.5G.depolymerization of chitosan and generally varies with the molecular
weight, the deacetylation degree [55] and the heating rate employed
[56,57]. Brieﬂy, the degradation of polysaccharide structure starts by a
random scission of the glycosidic bonds followed by a further decompo-
sition to form acetic and butyric acids and a series of lower fatty acids
[58]. The results show that the method of chitosan cross-link does not
affect thermal degradation behavior of chitosan.
On the contrary, the hybrid scaffolds incorporating GPTMS-TEOS
present a three step degradation behavior appearing as three peaks in
the derivative graphs (Fig. 5). The ﬁrst peak at lower temperatures cor-
responds to the thermal degradation of chitosan while the other two at
higher temperatures are associatedwith the thermal degradation of the
introduced reinforcement component. The latter consists of an inorgan-
ic (silica fromTEOS andGPTMS) and an organic (fromGPTMS) part. The
thermal degradation of the hybrids can be further studied by comparing
their TGA thermograms and the corresponding derivative curves with
those obtained on the pure components: CHTgenI and TEOS/GPTMS, pro-
duced in bulk which are also presented in Fig. 5. For the hybrids a more
gradual weight loss is observed as well as an enhancement of thermal
stability as compared to pure chitosan, indicated by the shift of 35 °C
to higher temperatures of the derivative peak that corresponds to ther-
mal degradation of chitosan.
Valuable information about the composition of the membranes
could be extracted from the TGA experiments by evaluating the weight
of the residue at the end of the heating scan. The values of themass per-
centage of the residues are reported in Table 3 and refer to the drymass
of the samples after water removal. It is known that the thermal degra-
dation of chitosan under nitrogen atmosphere is characterized by char
formation [59]. A char residue of ~32% is obtained for the pure chitosan
and CHT–GEN. As expected, higher residues are observed at the end of
the heating scans for the scaffolds containing silica as the residue of
the inert inorganic part is added to the chitosan char. Values between
41% and 51% are obtained for the scaffolds with varying TEOS/GPTMS
ratiowhile the scaffoldswith lowerGPTMS content present higher silica
content. Furthermore, themethod of chitosan cross-linking does not af-
fect the ﬁnal silica content. The residues obtained from TGA at nitrogen
atmosphere also differ from those after pyrolysis under oxidative
Table 3
Porosity, residue after pyrolysis and TGA, and E′ calculated from the compressive stress–strain curves of the scaffolds immersed in water.
Sample Code TEOS-GPTMS weight after sol–gel Porosity Residue after pyrolysis Residue TGA E′
% % % % (kPa)
CHT pure CHT – 95 – 32 10.4
CHT–GEN method I CHTgenI – 94 – 33 14.3
CHT–GEN method II CHTgenII – 95 – 33 46
CHT–GEN method I + TEOS/GPTMS 1:0.1 CHTgenI + T/0.1G 88 57 43 51 1732
CHT–GEN method I + TEOS/GPTMS 1:0.5 CHTgenI + T/0.5G 89 36 27 43 280
CHT–GEN method I + TEOS/GPTMS 1:1 CHTgenI + T/1G 74 64 26 41 106
CHT–GEN method II + TEOS/GPTMS 1:0.5 CHTgenII + T/0.5G 87 38 33 43 1590
559C. Pandis et al. / Materials Science and Engineering C 42 (2014) 553–561conditions up to 850 °C as shown in Table 3. At the latter case no residue
is observed for the pure and cross-linked chitosan. The above conﬁrms
the inﬂuence of the surrounding atmosphere on the thermal degrada-
tion behavior of chitosan reported in previous works [60]. The high
weight loss at oxygen atmosphere is attributed to a very efﬁcient
chain scission with the formation of volatile degradation products due
to oxidation followed by further decomposition of oxidized chitosan.
3.2.3. Differential scanning calorimetry
The thermal properties of the scaffolds were further studied by DSC
from−80 °C up to 150 °C. The second heating scan was used to com-
pare the thermal behavior of different samples after erasing the effect
of any previous thermal history. No thermal transitions were observed
for the pure chitosan samples. An endothermic peak due to water evap-
oration appeared in the ﬁrst scan butwas absent in the second one. Fur-
thermore, no indication of a glass transition could be observed. There is
a controversy in the literature regarding the glass transition of chitosan
andmany authors stress the difﬁculty of its study byDSC [55,61]. A glass
transition temperature (Tg) has been ascribed at around 150 °C by com-
bining different techniques [62].
Nevertheless, here we focus on a glass transition endothermic step
appearing at temperatures below zero which appears only in scaffolds
with TEOS/GPTMS and, thus, is attributed to the organic part formed
byGPTMS. TheDSC thermograms between−70 and−40 °C of the scaf-
folds are presented in Fig. 6 together with those corresponding to bulk
TEOS/GPTMS 1:0.5 and TEOS/GPTMS 1:1 for the sake of comparison. A
glass transition is observed in materials for GPTMS content ratio higher
than 0.1 and the estimated Tg values are practically unaffected by
GPTMS content and scaffold preparation method. The values of Tg as
well as those of the heat capacity jump at each transition are listed in
Table 4. Bulk TEOS/GPTMS samples present a glass transition around
−45 to −50 ºC. The incorporation of GPTMS to the silica network
disrupts its regularity due to the volume occupied by the organic side
chains. The presence of the glass transition proves the cooperative
conformational mobility of this organic/inorganic polymer network.
Interestingly enough the glass transition is shifted to −60 ºC whenFig. 6. DSC thermograms between−70 °C up to−40 °C during the second heating scan.the TEOS/GPTMS is formed as a coating of the chitosan pore walls.
This fact can be interpreted by assuming that the silica/organic struc-
tures formed in the coating layers are less ordered and, thus,with higher
mobility than in the bulk. On the other hand, the heat capacity jump at
the glass transition is larger in the coatings than in the bulk TEOS/
GPTMS which means that a larger part of the network segments are in-
volved in cooperative rearrangements. Interaction between organic
groups of GPTMS and the polymeric walls can producemore disordered
structures at the interface with the polymer.
3.2.4. Mechanical properties
Fig. 7 shows compressive stress–strain curves obtained bymeasure-
ments performed in the samples immersed in water for the pure and
cross-linked chitosan scaffolds aswell as for those reinforcedwith silica.
The elastic modulus has been calculated from the slope of the linear re-
gion of each curve and the results are reported in Fig. 7. A slight increase
of E′ can be observed by the cross-linking with GEN. As soon as the po-
rosity is practically the same between CHT and CHT–GEN the strength-
ening effect is ascribed to cross-linking in agreement with the results
presented in subsection 3.1.2. Furthermore, a signiﬁcant increase on E′
is observed for the scaffolds reinforced by silica which is more than
one order of magnitude with the sample incorporating the lower quan-
tity of GPTMS. The reduction of porosity (Table 1) also accounts for the
increase of E′ but the main contribution is due to the incorporation of a
stiff silicamaterial. It isworth noting the strong decrease of themodulus
of the hybrid even for a small increase of GPTMS content (Table 1). This
can be related to the increase of molecular mobility observed in DSC
thermograms that makes coating layer more compliant. The latter
observations imply that the mechanical properties of the chitosan scaf-
fold could be controlled by changing the ratio of the silica precursors.
4. Conclusions
Silica reinforced membranes were prepared by the in situ synthesis
of silica by sol–gel process inside the pores of chitosan scaffolds in acidic
environment. The chitosan scaffolds were prepared by the freeze gela-
tion technique and chitosan was cross-linked by genipin prior to silica
introduction. The study regarding the optimum genipin concentration
for the crosslinking procedure indicated that a GEN concentration of
3.2% is sufﬁcient for rendering chitosan insoluble in acidic mediumTable 4
Results from DSC analysis about glass transition temperature (Tg) and heat capacity jump
ΔCp calculated from the second heating scan. ΔCp* refers to the values normalized to
GPTMS fraction of the sample.
Sample Tg ΔCp ΔCp*
°C J/g.°C J/g · °C
CHTgenI – – –
CHTgenI + T/0.1G – – –
CHTgenI + T/0.5G 60.1 ± 0.1 0.27 ± 0.02 1.72 ± 0.13
CHTgenI + T/1G 59.4 ± 0.3 0.21 ± 0.02 1.09 ± 0.10
CHTgenII + T/0.5G 59.9 ± 0.5 0.29 ± 0.02 1.52 ± 0.10
T/0.5G 44.5 ± 0.3 0.19 ± 0.02 0.33 ± 0.03
T/1G 50.1 ± 1.7 0.32 ± 0.02 0.43 ± 0.03
Fig. 7. Strain versus strain from compression tests on scaffolds immersed in water.
560 C. Pandis et al. / Materials Science and Engineering C 42 (2014) 553–561leaving at the same time adequate number of free amino groups to react
with the silica precursors during the subsequent step of the preparation
procedure. Two methods were examined for chitosan cross-linking by
genipin either before or after scaffold preparation. The method in
which the reaction with the cross-linking agent was performed by
straight mixing at the chitosan solution prior to freeze gelation was
favored asmore efﬁcient and simpler. The silica inorganic part was syn-
thesized in situ using TEOS and GPTMS as silica precursors, the latter
serving also as a coupling agent between the inorganic network and
the hydrogel. The morphology studies revealed that the silica phase ap-
pears as a continuous phase covering the walls of the chitosan pores
without affecting signiﬁcantly the porosity of the scaffolds. By varying
the TEOS/GPTMS ratio both, the porosity and themechanical properties,
as probed by compressive stress–strain tests, can be adjusted to meet
speciﬁc needs. Finally, differential scanning calorimetry analysis allows
the study of the glass transition of the separate GPTMS phase formed in
thehybrids.More systematic DSC studies could shed some light towards
understanding the admittedly complicated nature of GPTMS by evaluat-
ing its macroscopic properties in hybrid materials.
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